ABSTRACT
INTRODUCTION

36!
Many defluoridation technologies have proven to be effective in the lab, but most are neither 37! sustainable nor effective in remote rural regions of developing countries because they are cost-38! prohibitive and dependent on intensive skilled labor for maintenance (e.g., Nalgonda technique, 7 39! reverse osmosis, activated alumina, and aluminum electrocoagulation), 8 difficult to source and 40! culturally inappropriate in India (e.g., bone char), 8 or unreliable and challenging to scale up in rural 41! communities (e.g., rainwater harvesting).
9 Activated alumina (AA) filters are widely used due to their 42! effectiveness and relative affordability for the upper middle class. 10 AA is produced by first 43! extracting aluminum oxides from bauxite, a composite ore that also contains oxides of iron, silicon, 44! and titanium as well as other trace minerals. Industrial refining methods such as the Bayer process, 45! ! 3! aiming to concentrate the Al fraction of bauxite and eliminate impurities, utilize pressurized sodium 46! hydroxide and temperatures exceeding 1000°C and are therefore extremely resource-intensive in 47! terms of capital and operating costs, energy, and greenhouse gas emissions.
11 Per tonne, alumina 48! ($300/tonne) costs approximately 10X more than raw bauxite ore ($30/tonne), due to expenses 49! associated with processing and purifying the bauxite.
12 Alumina (Al 2 O 3 ) is then thermally activated to 50! make the commonly-used AA filter media ($1500/tonne), 13 a highly efficient fluoride adsorbent 14, 15 51! with a final material cost 50X higher than raw bauxite ore. Fluoride also has a strong adsorption 52! affinity for gibbsite (Al(OH) 3 ), [15] [16] [17] (Table S2 ). The pH was initially set to 6.0 ± 0.1 (near the pH of minimum 134! solubility of gibbsite) and was not kept constant during experiments (final pH values ranged between 135! 6.3 and 7.5). Batch tests using incremental adsorbent doses allowed us to narrow down the range of 136! the minimum required dose, which was determined by linear interpolation of three separate doses 137! yielding an equilibrium fluoride concentration that tightly bracketed the target of 1.5 mg F -/L 138! ( Figure S3 ). Dissolved aluminum (Al) and iron (Fe) concentrations were measured using inductively 139! ! 7! coupled plasma optical emission spectroscopy (ICP-OES, Varian 720 Series) upon bauxite's 140! equilibration with a binary-solute matrix (5 mM HCO 3 -+ 35 mM NaCl + 10 mg F -/L) for 3 hours 141! (Table S2) . Additional studies described later in the paper (e.g., ionic strength, kinetics, FTIR, and 142! treatment costs) were conducted using Guinea bauxite ore due to its high fluoride removal 143! performance.
144!
Experiments to determine the adsorption isotherm of each ore were conducted in 50 mM 2-(N-145! morpholino)ethanesulfonic acid (MES, to maintain the pH at 6.0 ± 0.2) + 5 mM HCO 3 -(to 146! introduce a natural source of buffering/alkalinity) amended with 5, 10, 20, 40, 60, 80 , and 100 mg/L 147! of NaF. Ionic strength was kept constant at 61 mM by adding NaCl as necessary and a constant 148! bauxite dose of 4 g/L (40 ± 0.1 mg/10 mL) was used in these experiments. Adsorption isotherms 149! were fitted against the Langmuir and Freundlich models using ISOFIT (non-linear regression). The 150! intrinsic fluoride adsorption capacity and affinity of each ore were then determined using the best-fit 151! model.
152!
Experiments to determine the adsorption envelope of each bauxite ore were conducted in 5 mM 153! HCO 3 -amended with the following buffers: 50 mM NaCH 3 COO/CH 3 COOH (pH 4 and 5), 50 mM 154! MES (pH 6), 14 mM Na 2 HPO 4 /NaH 2 PO 4 (pH 7), and 10 mM Na 2 B 4 O 7 /H 3 BO 3 (pH 8). Table S2 . For these calculations, we conducted 184! adsorption tests using each adsorbent a single time in a batch process where the adsorbent was 185! ! 9! dispersed in the water and kept well-mixed for 24 hours. For AA, we made additional calculations 186! based on conservative assumptions that AA could be used in a column filter (breakthrough at 75% 187! capacity), regenerated (through NaOH treatment) to 70% of its previous capacity, and re-used for 4 188! cycles, consistent with data from a 2014 EPA report 13 . Our estimates do not include potential 189! material losses during treatment or the cost of treatment chemicals (e.g., acids and bases). We also between India bauxite and the 3 other ores (3.8-6.9%) would not likely result in a greater than two-217! fold difference in the minimum required dose (as suggested by the similar fluoride removal 218! performance of Guinea and USA bauxites despite their 3.2% difference in Al content) (Fig. 1a &1c) . ! 12! and Ghana bauxites did not result in significantly lower fluoride removal). Consistent with the 236! virtually identical adsorption isotherms, the BET surface areas of the 4 milled bauxite ores were not 237! significantly different, ranging from 14.1 ± 4.0 to 17.2 ± 2.5 m 2 /g, indicating comparable adsorption 238! capacities (Fig. 2a) . 239! Figure 2b shows that the adsorption envelopes of the 4 bauxite ores were close to identical, 240! indicating a similar adsorption behavior throughout a wide pH range (4-8). In addition, all ores had 241! an optimal adsorption pH of 5.0-6.0. The adsorption envelopes demonstrate that pH has a 242! substantial influence on fluoride removal, with a unit pH increase above the optimum pH leading to 243! a 50-59% decrease in fluoride adsorption. These adsorption envelopes are characteristic of anion 244! sorption, with a decrease in removal both at lower and higher pH, due to competing reactions of 245! surface protonation and OH -complexation, respectively. At acidic pH, the ligand-promoted 246! dissolution of gibbsite and the formation of aqueous fluoride complexes (e.g., HF, AlF 
Influence of Equilibrium pH on Fluoride Removal. In batch adsorption experiments in 249!
Sri Lankan groundwater with an initial pH of 6.0 ± 0.1 (Fig. 1a) , we observed that the final solution 250! pH after 24 hours was significantly higher for India bauxite (average final pH 7.5 ± 0.1) compared to 251! the 3 other ores (average final pH 6.4 ± 0.1, 6.3 ± 0.1, and 6.5 ± 0.1 for USA, Guinea, and Ghana 252! bauxites, respectively). Although a minor pH increase is expected upon fluoride adsorption due to 253! the replacement of OH -groups on the surface of gibbsite, 15, 29, 34 this ion exchange process cannot 254! account for the observed differences in final pH between India bauxite and the other 3 ores.
255!
To further understand the effect of bauxite addition on solution pH, we conducted experiments 256! in a simpler electrolyte (35 mM NaCl) in the absence of fluoride and characterized the equilibrium 257! pH and composition of the suspension after 24 hours. As summarized in Table 1 , we found a 258! significantly higher equilibrium pH for India bauxite (pH 8.1 ± 0.1, compared to pH 6.6 ± 0.1, 6.5 ± 259! 0.1, and 6.2 ± 0.4 for Guinea, Ghana, and USA bauxites, respectively), which coincided with 260! substantially higher concentrations of Ca and inorganic carbon (334 ± 2 µM Ca and 398 ± 9 µM C, 261! respectively, for India bauxite, compared to ≤ 3 µM Ca and ≤ 35 µM C, respectively, for the other 262! bauxites). These results are indicative of the dissolution of CaCO 3 (only present in India bauxite, Fig. 263! 1b & 1c) , and the observed increase in pH corresponds to the increase theoretically expected from 264! the dissolution of ~3mM CaCO 3 (see SI, Section 7). 265! Table 1 . Characterization of a suspension (initially 35 mM NaCl) in equilibrium with each bauxite ore in terms of pH, dissolved calcium, and dissolved inorganic carbon (DIC). We present averages from duplicate experiments and reported errors are the largest of the range from duplicate tests and measurement errors associated with the analytical equipment used (e.g., pH probe, Ion Chromatograph, and Total Carbon Analyzer).
Bauxite Source
Equilibrium pH
(µM) India 8.1 ± .1 334 ± 2 398 ± 9 Guinea 6.6 ± .1 1.0 ± .4 21 ± 12 Ghana 6.5 ± .1 0.2 ± .1 30 ± 6 USA 6.2 ± .4 3 ± 1 35 ± 10 ! 14!
We concluded that the substantially higher equilibrium pH of India bauxite compared to the 266! other ores is due to the presence and partial dissolution of CaCO 3 . Because an alkaline pH (i.e., a pH 267! >>PZC) is unfavorable for fluoride adsorption (Fig. 2b) , the dissolution of CaCO 3 is likely 268! responsible for the lower performance of India bauxite (Fig. 1a, Fig. S2 ). This finding is also 269! consistent with the adsorption isotherms of the globally-diverse bauxite ores being similar under 270! constant pH conditions (Fig. 2a) . Taken together, our results suggest that when surface capacities 271! and affinities are comparable, fluoride removal is primarily influenced by the presence of trace 272! alkaline minerals such as CaCO 3 , which alter the equilibrium solution pH.! 273! 3.5 Fluoride Adsorption Mechanism. HATR-FTIR measurements showed a decrease in 274! transmittance in -OH peaks (3650-3350 cm -1 ) upon fluoride adsorption, independent of the loading 275! method (Fig. 3a) . Previous FTIR studies have shown that the peak at ~3400 cm -1 is characteristic of 276! the stretching vibration of hydroxyl groups on the surface of gibbsite.
30,35 Therefore, our results 277! suggest that similar to pure gibbsite, bauxite also forms a specific, inner-sphere complex with 278! fluoride through ion exchange with -OH groups. Figure 3b shows that varying ionic strength over 2 279! orders of magnitude (1-100 mM) did not affect fluoride removal with Guinea bauxite, despite 280! increased charge screening of the adsorbent surface. This finding (along with the PZC data 281! presented in Fig. S2 of the SI) indicates that weak, outer-sphere electrostatic interactions do not play 282! a major role in fluoride adsorption on bauxite in our pH range of interest, consistent with the 283! primary role of inner-sphere complexation previously reported for pure gibbsite. (Table S2 ) with AA and Guinea bauxite (the best performing bauxite ore, 287! Fig. 1a ). Our cost estimates are based on experimentally-determined minimum required doses, which 288! demonstrate that on average, Guinea bauxite requires 1.5-2.3 times the dose of AA (depending on 289! groundwater composition) to remediate an initial fluoride concentration of 10 mg F -/L to the 290! WHO-MCL (Fig. 4a) . Larger doses required for bauxite are consistent with its lower specific surface 291! area and thus lower adsorption capacity (Fig. 2a) . We found that for both AA and bauxite, the 292! minimum dose required to reach the WHO-MCL is higher in synthetic and real groundwater than in 293! the simple binary-solute electrolyte (NaCl + NaHCO 3 ). This trend is likely due to the presence of 294! potentially competitive species such as oxyanions (e.g., SiO 4 4-, HCO 3 -, SO 4 2-, NO 3 -), 27, 32, 36 as well as 295! natural organic matter (likely to be present in real groundwater). 32, 37 296! Figure 4b shows that the material cost of fluoride remediation with Guinea bauxite is 297! consistently and substantially lower than with AA across all tested groundwater matrices: ~23-33x 298! ! 16! lower if AA is assumed to be used in a single-use batch process and ~ 11-18x if AA is assumed to be 299! used in a column process with media regeneration. Even when using regenerated AA (which is 300!~5 0% cheaper than single-use AA), treatment with AA is still significantly more expensive than with 301! Guinea bauxite as single-use batch media. When considering the worst performing ore (India 302! bauxite, which requires 2.4x the minimum dose of Guinea bauxite to remediate Sri Lankan 303! groundwater, as shown in Fig. 1a) , the material cost of using bauxite remains 4.7-8.8x lower than 304! AA. Figure 4. Comparison of (A) Minimum required doses and (B) Annual per capita material costs for remediating several synthetic groundwater matrices containing 10 mg F -/L and two real groundwater matrices (West Bengal and Nalgonda) to the WHO-MCL (1.5 mg F -/L) using milled Guinea bauxite (single-use batch process) and unmodified AA (both in single-use batch process and in column process with media regeneration). We present averages and error bars represent the larger of the range from duplicate tests and measurement errors associated with the fluoride probe. Cost calculations are described in section 2.6 and recipes for the groundwater matrices are given in Table S2 .
! 17! In addition to the cost advantage, another benefit of using mildly-processed bauxite as single-use 306! batch media is that in contrast to AA, the preparation of the bauxite adsorbent does not involve any 307! activation or regeneration with hazardous chemicals that can increase the leaching of metals in the 308! product water. Finally, we note that Guinea bauxite has fluoride removal kinetics comparable to AA, 309! with approximately 80% of total fluoride removal occurring in the first hour in synthetic Sri Lankan 310! groundwater, confirming that bauxite can realistically be used in field applications (Fig. S4) . 311! 3.7 Implications for Groundwater Treatment. Overall, our study demonstrates that mildly-312! processed bauxite ore is an effective fluoride removal adsorbent capable of remediating high fluoride 313! levels (up to 10 mg F -/L) to below the WHO-MCL in groundwater characteristic of affected 314! regions, and is a cost-competitive alternative to AA. When considering fluoride removal on a per 315! unit surface area basis, our results suggest that bauxite has a stronger affinity for fluoride adsorption 316! than AA (i.e., bauxite requires only ~2x the dose despite having 7x lower SSA than AA).
317!
Our results showed that the chemical composition, and therefore the geographical origin of the 318! bauxite ore, could substantially impact its fluoride removal performance. Specifically, we found that 319! the presence of trace minerals such as CaCO 3 can reduce the affinity of bauxite ore for fluoride by 320! modifying the equilibrium suspension pH. Similarly, other alkaline (e.g., MgCO 3 , CaMg(CO 3 ) 2 , etc.) 321! or acidic (e.g., humic materials, silicates) minerals often present in bauxite ores 31 may affect their 322! fluoride removal performance. Of the four ores we tested, India bauxite was the least efficient, but it 323! is geographically closest to 1/3 of the fluoride-affected population, 18 which highlights the need to 324! analyze the tradeoffs between transportation costs and adsorption efficiency. Future research will i) 325! investigate non-hazardous and locally-appropriate activation methods to potentially enhance India 326! bauxite's performance and cost-competitiveness; and ii) will determine if any non-alkaline bauxite 327! deposits are present in India. We also found that fluoride adsorbs to bauxite through an ion-328! exchange process; therefore future work should focus on the effect of potential competitors 329! ! 18! commonly found in groundwater (e.g. Cl -, NO 3 -, SO 4 2-, PO 4 3-, NOM), which may significantly impact 330! the efficiency of fluoride removal by bauxite in the field.
331!
Finally, prior to implementing this water treatment process in the field, additional research must 332! be conducted to 1) identify potential low-cost solid-separation methods and 2) test the efficiency of 333! different reactor designs such as a sequential batch reactor (to saturate/reuse bauxite media) and a 334! column filter with regeneration (using larger particle size to avoid clogging). 
